We report measurements of the phonon density of states as measured with inelastic x-ray scattering in SmFeAsO 1−x F y powders. An unexpected strong renormalization of phonon branches around 23 meV is observed as fluorine is substituted for oxygen. Phonon dispersion measurements on SmFeAsO 1−x F y single crystals allow us to identify the 21 meV A 1g in-phase (Sm,As) and the 26 meV B 1g (Fe,O) modes to be responsible for this renormalization, and may reveal unusual electron-phonon coupling through the spin channel in iron-based superconductors.
Introduction
The recent discovery of superconductivity in FeAs based compounds has sparked a new gold rush amongst the strongly correlated electron community [1] . Among the various families of FeAs based superconductors, the so-called '1111', with composition REFeAsO (RE being a rare earth), has the highest values of the superconducting transition temperatures T c : depending on the lanthanide, T c can be as high as 55 K upon fluorine doping [2] . The high value of T c , early DFT calculations [3] , and other physical properties, appeared to support the notion of an exotic mechanism leading superconductivity in these materials. There is however increasing speculation that an exotic electron-phonon coupling, possibly enhanced through the spin or orbital channels, is at play in the iron-based hightemperature superconductors. In particular, the fact that the FeAs configuration is intimately related to T c [5] and to the magnetic state of the iron sublattice [6, 7] show the lattice is active in this problem. This was further confirmed recently through the observation of strong renormalization of zone center Raman [8, 9] or infrared [10] active phonons at T N in BaFe 2 As 2 .
Here, we present inelastic x-ray scattering (IXS) measurements on poly-and single-crystalline samples of SmFeAsO 1−x F y that allowed us to investigate the doping dependence of the generalized phonon density of states (GPDOS) and of the phonon dispersions. We report an unexpectedly strong doping-induced renormalization of two phonon branches -the 21 meV (As,Sm) and 26 meV (Fe,O) modes -providing significant insight into the evolution with doping of the energy and momentum dependence of the coupling between the lattice and the spin degrees of freedom, and suggesting that the spin-phonon coupling may be of key importance in these compounds.
Results
SmFeAs(O 0.9 F 0.1 ) samples (Sm-1111) was prepared under high pressure and high temperature using a "belt" type high pressure cell in a similar way to that reported previously for LaFeAsO 1−x F x [11] . Sm, Fe, Fe 2 O 3 , As and SmF 3 (in the case of the fluorine doped sample) powders were mixed together and pressed in the form of cylindrical pellets. They were then introduced into a crucible (machined from rods of hexagonal boron nitride) surrounded by a cylindrical graphite resistive heater and the whole assembly was placed in a pyrophyllite gasket. The samples were treated at 6GPa, 1000-1100
• C for 4 hours, then quenched to room temperature and depressurized. The XRD patterns show that the major phase is the one expected, Sm-1111 with some small impurities of FeAs, SmAs and Sm 2 O 3 . SmFeAsO synthesis is described in ref. [12] . Figure 1: a) comparison between the measured generalized phonon density of states of SmFeAsO (black curve) and SmFeAsO 0.9 F 0.1 (red curve), measured at room temperature. The area of both spectra have been normalized to unity. The blue line corresponds to the difference between the two spectra. b) partial PDOS obtained from DFT calculation [3] and weighted according to the procedure described in ref. [16] .
The IXS experiment on polycrytalline SmFeAsO and SmFeAsO 0.9 F 0.1 was carried out on beamline ID28 at the ESRF using the silicon (9 9 9) configuration at 17.794 keV with an instrumentation energy resolution of 3.0 meV. Within the limit of single phonon scattering (Stokes process), the intensity of the inelastically scattered signal with energy (momentum) transfer ω (Q = (Q a Q b Q c )) is directly proportional to the dynamical structure factor [13] :
where f n (Q) is the atomic form factor of the n th atom (at position r n ) in the unit cell, M n its mass and W n the Debye-Waller factor. The summation index j refers to the j th phonon branch andσ n (Q, j) and ω Q, j to the associated eigenvector and eigenvalues, respectively. Finally, n(ω, T ) = (exp(ω/k B T ) − 1)
stands for the Bose factor. The scattered photons are analyzed by a set of 8 analyzers that were centered on two different set of angles to cover a Q range from 53 nm −1 to 73 nm −1 ( Q = 63 nm −1 ), and in this case the dynamical structure factor must be averaged over the sphere of radius Q = Q . As previously demonstrated [14] , averaging several measurements over a large range of Q (Q min < Q < Q max ) gives access to:
with the GPDOS being defined as a weighted sum of the partial phonon densities of states, G n (ω), for each atomic species
In the upper panel of Figure 1 , we show the quantity I inelastic (ω)×[ω/(1+n(ω, T ))] measured at room temperature on SmFeAsO and nominally doped SmFeAsO 0.9 F 0.1 . The inelastic signal I inelastic (ω) has been obtained after summation of the individual spectra weighted by the appropriate analyzer efficiency, subtraction of the elastic contribution, and recursive correction from multiphonon contributions, following refs. [14, 15] . As previously reported for the case of NdFeAsO 1−x F x [16] and LaFeAsO 1−x F x [17] , we observe essentially three peaks of about 5-6 meV full-width-half-maximum located around 13, 24 and 32 meV. In the lower panel of Figure 1 , we report the theoretical results obtained by Boeri et al. [3] on a similar compound, LaOFeAs. To allow a direct comparison between the experimental data and the theoretical calculation, we have weighted each calculated partial PDOS G n (ω) by its corresponding e
n factor (these factors are given in ref. [16] ). The result of this procedure has been plotted in the lower panel of Fig. 1 . The overall agreement with the experimental data for the parent compound is good for the two first peaks, but as previously observed in the cases of NdFeAsO and SmFeAsO, the higher energy peak is found to be harder, by about 4 meV, calculated than is observed in the experiment.
The GPDOS measured on SmFeAsO 0.9 F 0.1 and plotted in the upper panel of Figure 1 reveal a spectra with a similar overall shape to the one measured on SmFeAsO, except for the second peak. There is indeed, a striking change below 24 meV, with a clear increase of the spectral weight around 21 meV similar to our previous findings in NdFeAsO 1−x F x [16] .
According to first principle calculations, this middle band originates from three optical phonons branches extending from 20 to 28 meV. These modes are Raman active at the zone center and are associated with the in-phase A 1g (As,Sm) vibration (∼ 21 meV at Q = 0 in SmFeAsO from Raman measurements [18, 19] ), the out-of-phase A 1g (As,Sm) mode (A 1g (2) -23 meV) and the B 1g (Fe,O) mode (26 meV), respectively.
To go further and determine which of these modes are responsible for the observed renormalization, we have carried out IXS experiments on SmFeAsO and superconducting SmFeAsO 0.6 F 0.35 single crystals to measure their phonon dispersion, with particular emphasis on these three modes. High quality single crystals of SmFeAsO and SmFeAsO 0.60 F 0.35 of about 100×100×20 µm 3 were grown as described elsewhere [20, 21] . Our SQUID measurements on SmFeAsO show magnetic ordering at T N = 130 K, and the superconducting transition in the nominally doped SmFeAsO 0.60 F 0.35 takes place at T c = 53 K. We used an incident photon energy of 21.747 keV (silicon (11 11 11) configuration) providing an energy resolution of 2.0 meV on ESRF beamline ID28. The x-ray beam was focused down to 50×40 µm 2 . Rocking curves of 0.5 • were measured on the (0 0 4) reflection, indicating a good c-axis mosaicity.
From eq. 1, one can see that probing c-axis polarized phonons, such as of those we are interested in, requires one to carry out measurements in a zone with the largest possible Q c component along the c * reciprocal lattice vector (note that in what follows, Q is defined with respect to the tetragonal unit cell, and q = (q a q b q c ) refers to the reduced momentum transfer relative to the zone center). To enhance the contrast of the optical modes with respect to the strong acoustic one, we also decided to work close to a weak Bragg spot. The best compromise was found to be the zone around Γ = (1 0 12). This corresponds to a challenging quasi-grazing incidence reflection geometry (because of the size of the crystals), with a scattering angle 2Θ ∼ 49
• . This angle is close to the highest achievable for ID28, and we had to perform the transverse scans along the 100 direction.
In Fig. 2 we present typical IXS spectra obtained for SmFeAsO and SmFeAsO 0.65 F 0.35 , together with the result from DFT calculation performed for LaFeAsO from ref. [24] . Experimental data were analyzed by fitting to a series of Lorentzians, as shown in Fig. 2 . With the exception of the elastic line, fitting of the data to resolution limited peaks gave rather poor results, and slightly broader lineshapes (2.2 to 2.5 meV) were used. Similar broadening has also been reported in the case of CaFe 2 As 2 [22] . The assignment of the phonon branches is challenging due to the large discrepancies between the IXS intensities predicted by the DFT calculations and the experimental spectra, as illustrated in Fig. 2 . We by-passed this difficulty, at least for the three c-axis polarized branches around 23 meV we are interested in, by taking advantage of measurements performed in an adjacent Brillouin zone (centered around Γ = 1 0 11), as described in ref. [23] .
Using this method and exploiting the 8 analyzers available on ID28, we have been able to map out the dispersion of the three c-axis polarized modes in the (q a 0 q c ) plane for the parent and doped compounds, at room temperature [23] . The renormalization of the modes was found to be rather weak in the ΓX direction, but displayed a surprisingly strong dependence with q c . As shown in Fig. 2 , we observed a softening of the in-phase A 1g mode and a hardening of the B 1g mode. The maximum amplitude for these effects are obtained close to q=(0.3 0 0.3) for the in-phase A 1g mode (1.2 meV softening) and close to q=(0.5 0 0.5) for the B 1g mode (1.7 meV hardening). No clear doping dependence for the out-of-phase A 1g (As,Sm) mode was found.
Discussion
The disagreement between the IXS intensities predicted by standard DFT calculation and experimental data has also been reported in the case of the 122 compounds [22, 25, 26] . In these cases a much better agreement between theory and experiment in parent compounds above their magnetic transition has been found by including spin-polarization in the calculations. Ref. [26] also mentions the fact that it improves the agreement between the experimental and calculated GPDOS in the case of the 1111 compounds. This indicates that magnetism is the miss-ing ingredient in the ab-initio calculations discussed above. It was also found that the magnetic ground state was intimately related to the Fe-As distance along the c-axis [6, 7] , which would naturally lead to a coupling between the atomic motion modulating this distance -precisely the in-phase out-of-plane A 1g (As,Sm) and the (Fe,O) B 1g modes -and the amplitude of the Fe moments [27] .
As far as the doping dependence of the phonon spectra is concerned, a calculation based on the virtual crystal approximation suggested that doping should induce only minor changes in the phonon spectra [3] . Another study taking into account the F-doping explicitly in a 2x2x1 supercell within an LDA approach [24] has related the doping-induced changes seen in the PDOS [16] to structural relaxation (with a relative change of the unit cell volume ∆V/V of about 4 %). However, this approach leads to a hardening of the in-phase (As,Sm) A 1g mode that contrasts with the observed softening, and overestimates the structural changes as experimentally, the doping-induced unit cell volume is rather limited (∆V/V ∼ 0.5%). The observed doping-induced phonon renormalization and their momentum dependencies reported here may rather reflect the evolution upon fluorine doping of momentum and frequency of either the electron-phonon coupling constant g(q, ω) or the electronic/magnetic susceptibility χ(q, ω) of the system. To fully understand the role played by the coupling of phonon to magnetism in iron-pnictides, further theoretical and experimental investigations are needed. We also note that in a recent calculation for the case of 122 compounds, it was shown that, in addition to a renormalization of the phonon frequencies, magnetism also tends to enhance the electron-phonon coupling constant, though this does not appear to be sufficient to explain the high superconducting T c of these materials [28] .
Conclusion
In summary, we have found a clear doping dependence for two c-axis polarized phonon branches in the 1111 ironpnictide family that may reveal unusual electron-phonon coupling through the spin channel in iron-based superconductors. Further theoretical and experimental investigations are needed to fully understand the role played by such coupling in these materials properties.
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